Myofibroblasts and extracellular matrix are important components in wound healing. Alpha-smooth muscle actin (α-SMA) is a marker of myofibroblasts. Fibrillin-1 is a major constituent of microfibrils and an extracellular-regulator of TGF-β1, an important cytokine in the transdifferentiation of resident fibroblasts into myofibroblasts. To study the correlation between changes in fibrillin-1 expression and myofibroblast differentiation, we examined alterations in fibrillin-1 and α-SMA expression in organotypic cultures of dental pulp in vitro. Extracted healthy human teeth were cut to 1-mm-thick slices and cultured for 7 days. In intact dental pulp, fibrillin-1 was broadly distributed, and α-SMA was observed in pericytes and vascular smooth muscle cells. After 7 days of culture, immunostaining for fibrillin-1 became faint concomitant with a downregulation in its mRNA levels. Furthermore, fibroblasts, odontoblasts and Schwann cells were immunoreactive for α-SMA with a significant increase in α-SMA mRNA expression. Double immunofluorescence staining was positive for pSmad2/3, central mediators of TGF-β signaling, and α-SMA. The administration of inhibitors for extracellular matrix proteases recovered fibrillin-1 immunostaining; moreover, fibroblasts lost their immunoreactivity for α-SMA along with a downregulation in α-SMA mRNA. These findings suggest that the expression of α-SMA is TGF-β1 dependent, and fibrillin-1 degradation and downregulation might be implicated in the differentiation of myofibroblasts in dental pulp wound healing. (J Histochem Cytochem 63:438-448, 2015) Keywords α-SMA, culture, fibrillin-1, human dental pulp, pSmad2/3
Introduction
Fibrillin-1 is the main structural component of extracellular microfibrils. It is ubiquitously distributed in a wide variety of tissues and plays a critical role in the maintenance of connective tissue architecture through its involvement in elastic fiber formation (Ramirez et al. 2004) . Mutations in the fibrillin-1 gene cause Marfan syndrome, a systemic disorder of the connective tissue (Bolar et al. 2012 ) that is also associated with abnormal dental pulp chambers (De Coster et al. 2004 ) and severe periodontal disease (Suda et al. 2009 ). Although fibrillin-1 is a structural component, it contributes to the extracellular regulation of transforming growth factor-β1 (TGF-β1) storage, release, and activation (Ramirez and Sakai 2010; Massam-Wu et al. 2010) . Fibrillin-1 is highly susceptible to proteolytic degradation 580622J HCXXX10.1369/0022155415580622Yoshiba et al. Fibrillin-1 and Myofibroblast Differentiation research-article2015 by serine proteases (Kielty et al. 1994) and several matrix metalloproteinases (MMPs) (Ashworth et al. 1999) . Moreover, the breakdown of fibrillin-1-containing microfibrils may be a common mechanism for the release of active TGF-β1 that is sequestered in microfibrils (Chaudhry et al. 2007 ).
Alpha-smooth muscle actin (α-SMA) is a cytoskeletal protein that is expressed in certain types of stem cells and precursor cells (Kinner et al. 2002) , as well as in pericytes and smooth muscle cells of blood vessels (Morikawa et al. 2002) . During tissue repair and regeneration following injury, α-SMA-positive fibroblasts, termed myofibroblasts, appear in various tissues (Chaponnier et al. 2004 ). The expression of α-SMA in myofibroblasts has been shown to enhance the contractile activity of the cells (Hinz et al. 2001) to contribute to closure of the wounded tissue. In addition, myofibroblasts are thought to play a central role in wound healing by secreting various cytokines and growth factors as well as extracellular matrix and its degradative enzymes (Powell et al. 1999) . It is generally accepted that the major source of myofibroblasts is local connective tissue fibroblasts (Higashiyama et al. 2011) . TGF-β1 is the most important cytokine in the transdifferentiation of resident fibroblastic cells into the contractile, wound-healing myofibroblasts that express α-SMA (Vaughan et al. 2000; Serini and Gabbiani 1999) . When TGF-β binds to its cognate receptors, the intracellular mediators Smad2/3 become phosphorylated (pSmad2/3), and this activated complex then translocates into the nucleus to initiate target gene transcription (Abdollah et al. 1997) . pSmad2/3 is then exported to the cytoplasm where it is finally degraded (Fukuchi et al. 2001) .
Myofibroblasts and the extracellular matrix are important components in wound healing (Hinz 2007) . Dental pulp is a soft connective tissue enclosed by mineralized dentin, and the pulp cells have a neural crest origin. The peripheral cells of the pulp are called odontoblasts, and these cells are directly associated with dentinogenesis. In intact human dental pulp, fibrillin-1 is broadly distributed (Yoshiba et al. 2012a) , and α-SMA is expressed by pericytes and smooth muscle cells in blood vessels (Yoshiba et al. 2012b ). The expression of fibrillin-1 and α-SMA is drastically altered during wound healing of human dental pulp tissue in vivo (Yoshiba et al. 2012a; Yoshiba et al. 2012b) . At the wound edge at 2 weeks where α-SMA-positive myofibroblasts are transiently found, fibrillin-1 expression is absent, probably owing to protein degradation and mRNA downregulation (Yoshiba et al. 2012a; Yoshiba et al. 2012b) . So far, fibrillin-1 is the only extracellular matrix component that disappears during wound healing of human dental pulp. The extracellular matrix components fibronectin, decorin, and latent TGF-β-binding protein (LTBP)-1 are known to act as TGF-β1 reservoirs (Doyle et al. 2012 ). These components are broadly distributed in human dental pulp and their localization patterns are similar to that of fibrillin-1 under normal conditions. However, during dental pulp tissue wound healing, fibronectin, decorin, LTBP-1, and two other components-the extracellular matrix glycoprotein tenascin-C and the fibrillin-1 isoform fibrillin-2-are all constantly expressed, even at the wound edge where fibrillin-1 expression is absent (Yoshiba et al. 1996 (Yoshiba et al. , 2012a (Yoshiba et al. , 2013 . Thus, the loss of fibrillin-1 is considerably specific.
Taken together, we hypothesized that fibrillin-1 degradation and mRNA downregulation may correlate with the transdifferentiation of fibroblasts into α-SMA-positive myofibroblasts during dental pulp wound healing. The tooth slice organ culture technique has been applied to investigate the factors regulating pulp tissue repair (Magloire et al. 1996; Sloan and Smith 1999; Sloan and Lynch 2012) , as it allows for the maintenance of tissue morphology together with odontoblast phenotype. We thus designed the present study to address the hypothesis by examining alterations in the expression of fibrillin-1 and α-SMA using the tooth slice organ culture model. Moreover, double-labeling immunofluorescence was used to detect α-SMA and pSmad2/3 to evaluate the involvement of the TGF-β/Smad signaling pathway in myofibroblast differentiation in dental pulp tissue.
Materials & Methods
This study was approved by the Niigata University Ethics Committee (No. 21-R17-09-10). Human healthy permanent teeth were obtained from young patients (18-25 years old) undergoing orthodontic treatment, who had provided informed consent.
Tissue Culture of Dental Pulp
Twenty-eight intact third molars were used in this study. After extraction under local anesthesia, the whole tooth was cut with a low speed diamond wheel saw (South Bay Technology; San Clemente, CA) at a thickness of 1 mm. The explants were rinsed with Hank's solution (Gibco; Paisley, Scotland) containing antibiotics and then placed on filter inserts (Millicell-CM; 0.4-µm pore size, 30-mm diameter; Millipore, Billerica, MA) in 12-well plates containing 1.5 ml culture medium per well. The culture medium consisted of Dulbecco's modified Eagle's medium (Gibco) containing 10 IU/ml penicillin, 10 µg/ml streptomycin (Gibco), and 50 µg/ml ascorbic acid (Sigma-Aldrich; St Louis, MO). The surfaces of the tissue slices were wet but not submerged. The explants were incubated at 37°C in a humidified incubator with 5% CO 2 . Some slices were treated with freshly prepared protease inhibitors including a matrix metalloproteinase inhibitor (4-Abz-Gly-Pro-D-Leu-D-Ala-NH-OH, which inhibits MMP-1, -3, -8, and -9; Merck Biosciences; Kenilworth, NJ) at 150 µM (Chaudhry et al. 2007 ) and a P1860 protease inhibitor cocktail (Sigma-Aldrich) with broad specificity, including serine and cysteine proteases. A total of 36 replicate samples were assayed per experiment (with or without protease inhibitors). Sixteen replicate samples were treated with 20 µM SB431542 (Cayman Chemical; Ann Arbor, MI), an inhibitor of the TGF-β type I receptor. The culture medium was replaced every 3 days, and the cultures were maintained for 7 days. Experiments were repeated more than five times.
Immunohistochemical Staining
Cultured teeth were fixed with 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) at 4°C for 24 hr and then decalcified in 10% EDTA (pH 7.4) for 1 week at 4°C. The specimens were embedded in optimal cutting temperature (OCT) compound (Sakura; Tokyo, Japan), frozen in liquid nitrogen, and then cut as 10-µm-thick frozen sections that were mounted onto poly-L-lysine-coated slides (Matsunami; Tokyo, Japan). To detect pSmad2/3, the pulp tissue was separated from the dentin with a scalpel and embedded in OCT compound at 1, 2, 3, 4, 5 and 7 days of culture. Frozen sections (10-µm thick) were prepared and fixed in acetone for 10 min at 4°C.
Indirect immunoperoxidase staining was performed on cryosections. After treating the sections with 0.3% H 2 O 2 in PBS for 30 min at room temperature, sections were incubated with primary antibodies for 2 hr followed by incubation with the corresponding horseradish peroxidase-conjugated secondary antibody for 1 hr. Immune complexes were visualized using 3,3'-diaminobenzidine (S3000; Dako, Glostrup, Denmark). Immunostained sections were then counterstained with methyl green. Negative control staining was performed by replacing the primary antibodies with nonimmune mouse, rabbit, or goat IgG (Santa Cruz Biotechnology; Dallas, TX). For double immunofluorescence staining, sections were incubated with a cocktail of antibodies against pSmad2/3 and α-SMA, followed by incubation with a mixture of secondary antibodies. The following antibodies were used: mouse anti-human fibrillin-1 (clone 26; MAB2502; Chemicon, Temecula, CA); mouse anti-α-SMA (clone 1A4; A5228; Sigma-Aldrich), goat anti-human TGF-β1 (AB246NA; R&D Systems, Minneapolis, MN), and rabbit anti-human pSmad2/3 (SC11769; Santa Cruz Biotechnology) primary antibodies, and horseradish peroxidase (HRP)-labeled swine anti-rabbit IgG (Dako), HRP-labeled rabbit antigoat IgG (Dako), HRP-labeled rabbit anti-mouse IgG (Dako), and goat anti-rabbit IgG secondary antibodies conjugated to Alexa Fluor 488 (Invitrogen; Carlsbad, CA), and a goat anti-mouse IgG secondary antibody conjugated to Alexa Fluor 546 (Invitrogen). Control sections did not show any specific immunoreactivity.
Quantitative RT-PCR Analysis
Total RNA was isolated from cultured human dental pulp using an RNeasy Plus Micro kit (Qiagen; Hilden, Germany) according to the manufacturer's instructions. Quantitative RT-PCR was carried out using a One Step SYBR PrimeScript PLUS RT-PCR kit (Takara Bio; Shiga, Japan) with the Opticon Real-Time PCR System (MJ Research, Inc., Waltham, MA). The primer sets used for quantitative RT-PCR were as follows: fibrillin-1 (sense: 5'-GGAA CGTGAAGGAAACCAGA-3', antisense: 5'-GGCAAATG GGGACAATACAC-3'), α-SMA (sense: 5'-TGTTCCAG CCATCCTTCATC-3', antisense: 5'-TAGGGCCGTGATC TCCTTCT-3'), TGF-β1 (sense: 5'-CACGTGGAGCTGTA CCAGAA-3', antisense: 5'-CTA AGGCGAAAGCCCT CAA-3'), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sense: 5'-ACACCCACTCCTCCACCTTT-3', antisense: 5'-TTCCTCTTGTGCTCTTGC TG-3'). mRNA expression levels were normalized to the GAPDH mRNA levels. Data were expressed as the mean ± SD (n=3). Statistical significance between two groups was evaluated using the Student's t-test.
Results

Changes in the Protein Localization of Fibrillin-1 and α-SMA in Cultured Dental Pulp Tissue
In uncultured normal dental pulp, fibrillin-1 was broadly and densely detected in the dental pulp ( Fig. 1A) , including within the interodontoblastic area ( Fig. 1A, insert) . The distribution of fibrillin-1 was altered after 7 days of culture.
Fibrillin-1 staining became rather faint in the dental pulp, but it was partially maintained around the blood vessels ( Fig. 1B, arrows) . No staining for fibrillin-1 was detectable in the interodontoblastic area after 7 days of culture ( Fig.  1B, insert) . A negative control section did not show any specific immunoreactivity (Fig. 1C ). Capillaries were observed in the periphery of the uncultured normal dental pulp ( Fig. 2A, arrows) . Immunoreactions for α-SMA were obvious in pericytes along the capillaries (Fig. 2B, arrow) . Pulp fibroblasts and odontoblasts showed no immunoreactions for α-SMA ( Fig. 2B) . At a higher magnification, α-SMA-reactive pericytes were evident along the capillary (Fig. 2C, arrows) , and vascular smooth muscle cells were also immunoreactive to α-SMA (Fig. 2D, arrows) . Nerve fibers were devoid of positive α-SMA immunoreaction ( Fig. 2D ). After 7 days of culture, numerous fibroblasts were seen in the subodontoblast layer ( Fig. 2E) . The distribution of α-SMA-positive cells was markedly altered after 7 days of culture. Fibroblasts (Fig. 2F-2I ) and odontoblasts ( Fig. 2F-2G ) showed positive immunoreactions for α-SMA. In addition, α-SMA was detectable along nerve fibers (Fig.  2F, arrowheads) . At a higher magnification, positive α-SMA staining was noticed in Schwann cells of nerve fibers (Fig.  2I , arrowheads) as well as in fibroblasts (Fig. 2I, arrows) .
Protease Inhibitors Suppress Fibrillin-1 Degradation and α-SMA Expression
Next, we investigated the possible relationship between the decrease in fibrillin-1 immunoreactivity and the emergence of α-SMA-positive myofibroblasts by treatment with protease inhibitors. Using hematoxylin-eosin staining, we observed that the tissue morphology seemed to be maintained at 7 days when cultured with protease inhibitors (Fig.  3A) . The administration of protease inhibitors recovered fibrillin-1 immunoreactivity (Fig. 3B) . The protease inhibitors also induced changes in α-SMA expression, with little or no immunoreactivity detected in fibroblasts ( Fig. 3C ) and odontoblasts (Fig. 3D) . Cells along the blood vessels remained positive for α-SMA irrespective of the addition of protease inhibitors ( Fig. 3C-3D , arrows).
SB431542 Suppresses α-SMA Expression
SB431542 is a potent and specific inhibitor of TGF-β type I receptor and is subsequently effective in inhibiting the phosphorylation of Smad2 (Inman et al. 2002) . SB431542 did not affect the staining pattern of fibrillin-1 after 7 days of culture, where fibrillin-1 staining became rather faint, but it was partially maintained around the blood vessels (Fig. 3E, arrows) . No staining for fibrillin-1 was detectable in the interodontoblastic area (Fig. 3F ). In the presence of SB431542, most dental pulp cells, including Schwann cells ( Fig. 3G ) and odontoblasts (Fig. 3H) , were negative for α-SMA. Cells along the blood vessels remained positive for α-SMA (Fig. 3G) .
Changes in the Gene Expression of Fibrillin-1 and α-SMA in Cultured Pulp Tissue
The mRNA expression levels of fibrillin-1 were significantly decreased at 3 and 7 days of culture as compared with those in uncultured tissues (Fig. 4 ). After 7 days of culture in the presence of protease inhibitors or SB431542, fibrillin-1 mRNA levels were significantly decreased in comparison to untreated control cultures (Fig. 4) . α-SMA levels at 3 days were not significantly different from that of uncultured tissue, irrespective of the addition of protease inhibitors (Fig. 4) . The mRNA expression levels of α-SMA were increased by almost 3.5-fold at 7 days of culture as compared with those in uncultured tissues (Fig. 4) , which is consistent with the increased immunoreactivity for α-SMA. Treatment of the dental pulp tissue with protease inhibitors led to a decrease in α-SMA mRNA levels in comparison to untreated control cultures at 7 days (Fig. 4) . Furthermore, in the presence of SB431542, α-SMA mRNA levels were decreased to nearly one-eighth that of untreated control cultures at 7 days (Fig. 4) .
Immunohistochemical Staining and mRNA Expression of TGF-β1
Immunoreactivity for TGF-β1 was broadly detected in uncultured normal dental pulp (Fig. 5A ). TGF-β1 mRNA levels were significantly decreased after 2 and 3 days of culture as compared with those in uncultured dental pulp (Fig. 5B ). After 7 days, TGF-β1 mRNA levels were not significantly different in cultured tissues as compared with those in uncultured tissues (Fig. 5B ). Protease inhibitors did not significantly affect the expression levels of TGF-β1 mRNA.
Immunohistochemical Detection of pSmad2/3 in Cultured Dental Pulp
Immunocytochemistry showed no staining for pSmad2/3 in uncultured normal pulp (Fig. 6A) . Time-dependent translocation of pSmad2/3 was detectable in the cytoplasm at 1 day and in the cell nucleus at 2, 3, and 4 days of culture ( Fig. 6A) . At 5 days, pSmad2/3 was diffusely localized in the cytoplasm (Fig. 6A) , and no immunoreactivity was In uncultured normal pulp, fibrillin-1 is densely detected in the dental pulp (A) and within the interodontoblastic area (A, inset). In contrast, after 7 days of culture, fibrillin-1 staining becomes rather faint (B), except around blood vessels (B, arrows) and the interodontoblastic area is devoid of fibrillin-1 (B, insert) . A negative control section shows no specific immunoreactivity (C). OB, odontoblast. Scale, 50 µm. observed for pSmad2/3 at 7 days (Fig. 6A ). The number of pSmad2/3-positive nuclei was the highest at 3 days of culture (Fig. 6B ).
Double-labeling Immunofluorescence for pSmad2/3 and α-SMA
As shown by immunohistochemical analysis, specific immunofluorescence reactivity of pSmad2/3 was not found in uncultured normal pulp (Fig. 7) , and α-SMA was detected only along blood vessels (Fig. 7, arrows in normal) . At 2 days of culture, a nuclear accumulation of pSmad2/3 was detectable ( Fig. 7, arrows in 2 days ), yet the pSmad2/3-positive cells were negative for α-SMA (Fig. 7) . pSmad2/3 and α-SMA double-positive cells were evident at 5 days (Fig. 7 , arrows in 5 days). Thereafter, immunofluorescence staining for pSamd2/3 was decreased and α-SMA single-positive cells were abundantly observed at 7 days (Fig. 7 , arrows in 7 days). 
Discussion
Our data shows that fibroblasts and odontoblasts, as well as Schwann cells, in organotypic cultures exhibit immunoreactivity for α-SMA and a significant increase of α-SMA mRNA. These cells in dental pulp (Sloan et al. 2001 ) as well as Schwann cells (Stark et al. 2001) have been shown to express TGF-β receptors I and II. TGF-β1 is a direct inducer of the transdifferentiation of resident fibroblastic cells (Serini and Gabbiani 1999) and Schwann cells (Real Figure 3 . Immunohistochemical staining for fibrillin-1 and α-SMA after 7 days of culture in the presence of protease inhibitors (4-Abz-Gly-Pro-D-Leu-D-Ala-NH-OH and P1860) or TGF-β type I receptor inhibitor (SB431542). Hematoxylin-eosin staining (A) and immunostaining for fibrillin-1 (B, E-F) and α-SMA (C, D). The tissue morphology in the presence of protease inhibitors appears to be maintained, even in blood vessels (A, arrows). Administration of protease inhibitors prevents the loss of fibrillin-1 immunoreactivity (B) and little immunoreactivity for α-SMA is noted in fibroblasts (C) and odontoblasts (D). Cells along the blood vessels remain positive for α-SMA (C-D, arrows). In the presence of SB431542, fibrillin-1 staining becomes rather faint except around the blood vessels (E, arrows), and the interodontoblastic area is devoid of fibrillin-1 (F). Most dental pulp cells are negative for α-SMA (G-H, arrowheads in G: nerve fiber), except along the blood vessel (G, arrow). OB, odontoblast; d, dentin. Scale, 50 µm. et al. 2005) into α-SMA-expressing myofibroblasts. A highly significant increase in the number of pSmad2/3-positive nuclei was detected at 3 days of culture and, thereafter, an emergence of pSmad2/3 and α-SMA double-positive cells. Moreover, the increased expression of α-SMA was abolished by SB431542, a specific inhibitor of TGF-β type I receptor. Taken together, these observations suggest the activation of Smad-dependent TGF-β signaling pathways in the transdifferentiation of dental pulp cells into α-SMApositive myofibroblasts in cultured dental pulp tissue.
There was a significantly higher number of cells with pSmad2/3 nuclear translocation at 3 days of culture, but not at 1, 5 or 7 days. TGF-β1 treatment significantly stimulates the nuclear translocation of pSmad2/3 at 60 min in rat pulmonary arterial smooth muscle cells, but such translocation decreases by 6 hr (Li et al. 2007 ). The rapid translocation of Smad proteins into the nucleus upon TGF-β1 treatment has also been shown in the mouse odontoblast cell line MDPC-23 (He et al. 2004) . Therefore, in the present study, TGF-β1 stimulation may have been evoked between 2 and 4 days, with the highest stimulation on day 3. Meanwhile, TGF-β1 mRNA levels were significantly downregulated at 2 and 3 days.
The transdifferentiation of dental pulp cells into α-SMApositive myofibroblasts was associated with fibrillin-1 degradation and mRNA downregulation. Matrix sequestration of cytokines is crucial for their regulated activation and signaling. TGF-β is latent when sequestered in the extracellular matrix and its activation, for example, by specific integrins, is a key step in the transdifferentiation process (Buscemi et al. 2011; Shi et al. 2011) . Numerous studies have also highlighted the role of fibrillin-1 in the regulation of TGF-β bioavailability. Mice deficient in fibrillin-1 show increased TGF-β activity (Neptune et al. 2003 ) and active Smad2/3 signaling (Carta et al. 2009 ). The breakdown of fibrillin-1-containing microfibrils is proposed to be a common mechanism for the release of active TGF-β1 stored in microfibrils (Chaudhry et al. Fibrillin-1 mRNA levels decrease by almost half at 7 days of culture as compared with that in uncultured tissues. In contrast, α-SMA mRNA levels are significantly increased at 7 days of culture as compared with that in uncultured tissues, and this increase is significantly attenuated by protease inhibitors (4-Abz-Gly-Pro-D-Leu-D-Ala-NH-OH and P1860) and by the inhibitor of TGF-β type I receptor (SB431542). mRNA expression levels were normalized to GAPDH mRNA levels. Significant difference against uncultured normal (*) and day 7 (**) without inhibitors in fibrillin-1 mRNA expression. *p<0.05. Figure 5 . Immunohistochemical staining and quantitative RT-PCR analysis of TGF-β1. TGF-β1 is broadly observed in uncultured normal pulp (A). TGF-β1 mRNA levels are significantly decreased at 2 and 3 days (B). Protease inhibitors (4-Abz-Gly-Pro-D-Leu-D-Ala-NH-OH and P1860) do not affect TGF-β1 mRNA levels significantly (B). TGF-β1 mRNA expression levels normalized to GAPDH mRNA levels. OB, odontoblast. *p<0.05 compared with uncultured normal pulp. Scale, 50 µm.
2007
). Fibrillin-1 is highly susceptible to proteolytic degradation. MMP-2, -3, -9, -12 and -13 cleave fibrillin-1 (Ashworth et al. 1999) , and these MMPs are expressed in human dental pulp tissue (Palosaari et al. 2003; Wisithphrom and Windsor 2006) . We found that protease inhibitors prevented the degradation of fibrillin-1 and, concomitantly, the downregulation of α-SMA expression. Meanwhile, the inhibitors did not significantly affect the expression levels of TGF-β1. An MMP knockout mouse model has suggested a crucial role of MMPs in the organization of the cellular actin network by liberation of cytokines from the extracellular matrix (Bullard et al. 1999) . It thus can be speculated that TGF-β1 pooled in the extracellular matrix might have contributed to the increased expression of α-SMA in the present study. Moreover, TGF-β1 has been shown to increase fibrillin-1 expression (Lorena et al. 2004) , which would explain the increase in fibrillin-1 mRNA between days 3 and 7 in the context of extracellular matrix degradation. On the other hand, MMPs have been suggested to have direct and/or indirect signaling mechanisms involved in regulation of cyto-differentiation (Chen and Li 2009 ); therefore, we cannot exclude the unknown effects behind MMPs on myofibroblast differentiation.
The dentine matrix is secreted by odontoblasts, which are highly differentiated cells of the pulp. During wound healing of dental pulp in vivo, newly differentiating and differentiated odontoblast-like cells transiently express α-SMA, some of which co-expressed nestin, a neurogenic cytoskeletal protein expressed in odontoblasts (Yoshiba et al. 2012b ). In the present organ culture model, odontoblasts were showed α-SMA positivity at 7 days of culture, which were also stained with nestin (data not shown). Currently, it is not clear how the α-SMA-positive odontoblasts are involved in the dental pulp healing process. However, considering the multiple roles of myofibroblasts in wound healing (Powell et al. 1999) , they may secret Figure 6 . Immunohistochemical staining of pSmad2/3 in cultured pulp tissue without protease inhibitors and the mean number of pSmad2/3-positive nuclei. (A) Time-dependent translocation of pSmad2/3 is observed in the cytoplasm at 1 day and into the nucleus at 2, 3, and 4 days. At 5 days, pSmad2/3 is diffusely noted in the cytoplasm but no immunoreactivity for pSmad2/3 is observed at 7 days. The number of pSmad2/3-positive nuclei peaks at 3 days of culture. (B) The mean number of pSmad2/3-positive nuclei per field (×400) ± SE. n=4. *p<0.05 and **p<0.01 compared with uncultured normal pulp. Scale, 10 µm. extracellular matrix proteases that degrade the dentine matrix to result in the release of growth factors and cytokines from the matrix, thus yielding repair responses.
In summary, we here showed that fibroblasts and odontoblasts as well as Schwann cells express α-SMA via the pSmad2/3 signaling pathway in organotypic cultures, which involves degradation of fibrillin-1 protein and mRNA downregulation. We showed that the administration of protease inhibitors could suppress fibrillin-1 degradation and significantly attenuate the expression of α-SMA. These alterations to expression observed in the present study were well in accord with those of our previous in vivo studies, which analyzed the expression patterns of fibrillin-1 and α-SMA during wound healing processes in the dental pulp (Yoshiba et al. 2012a (Yoshiba et al. , 2012b . These findings therefore raise the possibility that fibrillin-1 degradation and downregulation might be implicated in the transdifferentiation of dental pulp cells into α-SMA-positive myofibroblasts in dental pulp wound healing.
